Nanosilver as an alternative antibacterial agent of antibiotics has been researched for possible applications in various orthopedic implants. However, it is imperative to achieve controllable release of Ag + to reduce its cytotoxic effect on normal tissue. Here, a nanosilver release system that has potential to be used in anti-infective bone cement was reported. Nanosilver modified diatomite was developed through the reaction of Tollens' reagent to improve the antibacterial effect and natural diatomite was used as the carrier of Ag + ions for controlled release. Cytotoxicity and the antibacterial activities of the nanosilver release system were characterized. After 3 days, the NIH3T3 cells cultured in the extract of nanosilver modified diatomite with an initial concentration of 0.5 mg/ml showed better cell viability than cells cultured in -MEM. The density of MC3T3-E1 cells cultured in the extract of nanosilver modified diatomite at the same concentration did not differ significantly from the density of cells cultured in -MEM. The nanosilver modified diatomite exhibited antibacterial effect against E. coli and S. aureus when the concentration was higher than 0.5 mg/ml. With appropriate selection of Ag + concentration, the nanosilver modified diatomite is promising for improving the antibacterial effect while not affecting the biocompatibility of reinforced calcium phosphate bone cement.
Introduction
Bone cement is widely used by orthopedic surgeons to help secure arthroplasty implants, to fill bone voids, and to treat vertebral compression fractures [1, 2] . However, in these procedures, deep wound infection, usually caused by Staphylococcus spp. and/or Propionibacterium acnes, is a devastating complication [3, 4] . The usage of antibiotic-loaded bone cement (ALBC) is a well-accepted strategy in the treatment of specific infections [5, 6] . However, it remains controversial for preventive applications due to the result which may not warrant the additional costs of ALBC and the limited efficiency as a result of bacterial resistance to antibiotics [7] . Therefore, in order to develop more effective strategies to combat infection, nanosilver has been introduced into bone cements as an agent against multiresistant bacteria to enhance antibacterial property, aiming to replace the currently used ALBC [8, 9] . Nanosilver has been used in many studies to treat wound infection and proved to be effective biocide against drug-resistant bacteria [10] [11] [12] . In order to meet the requirement of new bone formation, bone cement containing nanosilver should also possess good biocompatibility and preferably osteoconductivity. However, high concentration of nanosilver has been demonstrated to be cytotoxic and genotoxic to mammalian cells [13] . So achieving controllable release of nanosilver and adjusting the interaction between nanosilver and its release carriers to reduce cytotoxic effect become necessary.
In our previous study, diatomite particles have been used as a reinforcing second phase to enhance the mechanical strength of calcium phosphate bone cement (CPC) [14] . The structure of diatomite is highly porous with pore sizes about 50-200 nm, which allows the binding of other molecules [15, 16] . In recent years, diatomite with good biocompatibility has been exploited as carrier for drug/molecule delivery applications due to the unique properties such as highly 2 Journal of Nanomaterials porous structure, high surface area, and readily modifiable surface functionalities, demonstrating high potential in biotechnological applications [16] [17] [18] [19] . For example, diatomite has been recently conjugated with peptide and loaded with small interfering RNA for B-cell lymphoma therapy [20] . In addition, metal-modified diatomites have been developed for the deposition of gold or palladium nanoparticles [21] . Based on this favorable property and potential, in this study, diatomite particles were further developed as release carriers for loading and controlled release of nanosilver particles and such nanosilver incorporated diatomite is expected to improve the anti-infective and mechanical properties of CPC. Here, the toxicity and antibacterial properties of diatomite particles loaded with different concentrations of nanosliver were systematically evaluated by various cell assays. Based on these results, the current study reports an optimized formula of nanosilver modified diatomite (nAgDT) with both biocompatibility and anti-infective capacity.
Materials and Methods

Preparation and Characterization of nAgDT.
Diatomite particles with different sizes prepared in previous study [6] were added into Tollens' reagent which was prepared by adding 25∼28% NH 3 ⋅H 2 O solution into the 0.1 M AgNO 3 solution. After stirring for 30 mins, 0.2 M glucose solution was added to react for an hour at room temperature. After the reaction was completed, particles from a resultant black turbid suspension was collected and rinsed in plenty of DI for 3 times. After that, the samples were dried for 24 hours at 60 ∘ C to collect the nAgDT particles. The morphology of diatomite and nAgDT was observed by scanning electron microscopy (SEM, FEI QUANTA 250, acceleration voltage of 20 kV under a vacuum of 1.56 × 10 −4 Pa) with additional dispersive X-ray spectrometry (TEAM EDS, AMETEK) and the samples were sputtering coated with Au-Pd (Quorum Technologies, SC7620) before SEM examination. To rule out the possible effect of glucose residue on the material morphological study, the pure diatomite sample was also mixed with 0.2 M glucose solution before examination.
Natural diatomite and nAgDT were analyzed by X-ray diffraction (XRD) using conditions of 40 kV CuK radiation at a scan speed of 2 ∘ /min (X-ray diffractometer APEX DUO, Bruker AXS).
To detect the Ag + release from the nAgDT in aqueous solution, nAgDT particles were mixed with DI water (at concentrations of 0.1, 0.5, 1, 2.5, and 5 mg/ml) and the dilute was collected for inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Varian) tests at 2 h, 6 h, and 12 h. The measurements were repeated 2 times for each sample.
Cytocompatibility Study.
In vitro cytotoxicity of nAgDT was tested on NIH3T3 fibroblasts and MC3T3-E1 rat osteoblasts (Cell Resource Center, Shanghai Institutes for Biological Sciences, CAS), which were cultured in -MEM supplemented with 10% fetal bovine serum and 1% of penicillin/streptomycin at 37 ∘ C in a humidified 5% CO 2
atmosphere. Nanosilver modified diatomite particles were suspended in cell culture medium at concentrations of 0.1, 0.5, 1, 2.5, and 5 mg/ml, respectively. After 12 h, the suspensions were filtered to obtain the extract solutions. colony-forming unit (CFU) per mL into 50 mL suspension of nAgDT in PBS at concentrations of 0.1, 0.5, 1, 2.5, and 5 mg/mL, respectively. According to the antibacterial testing standard (GB/T 21510-2008), nanosilica (particle size ∼ 100 nm) was used as a control. After that, 1 mL of the mixed suspension incubated for 4 h in a shaker at 190 rpm was transferred and inoculated on an agar plate at 37 ∘ C. After cultured for 48 h, the bacteria on agar plate were imaged.
Statistical Analysis.
Results were expressed as mean ± standard deviation (SD). Statistical analyses were conducted using one-way ANOVA with post hoc tests. Figure 1 shows the simplified fabrication process used to obtain nAgDT particles. The diskshaped diatomite particles with median size about 30 m which are completely cytocompatible were prepared by the methods described in our previous work [6] . These diatomite particles show hierarchical layer structure with multiple pores both inside and on the surface of the particle, which is beneficial for the adsorption of heavy metal ions from aqueous solution. Adding diatomite particles into Tollens' reagent with vigorous stirring allows the complete adsorption of Ag + ions. High concentrations of glucose can reduce Ag + ions to metallic silver adsorbed on the diatomite particles. Figures 2(a) and 2(b) show the SEM micrographs of morphology of diatomite and nAgDT particles, respectively. The surface of the diatomite was smooth but had some submicron-sized pores with uniform size distribution (Figures 2(a) and 2(c) ). As shown in Figure 2(b) , the silver nanoparticles can be clearly observed on the surface of the nAgDT and show spherical shape. Part of the silver nanoparticles filled in the pore space. The EDS results show that there were about 3.08 wt.% of silver in the nAgDT particles. As shown by the SEM images at less magnification (Figure 2(d) ), the silver nanoparticles distributed homogeneously on the surface of diatomite. XRD results further demonstrated the existence of sliver. The XRD patterns of diatomite and nAgDT particles are illustrated in Figure 3 . From the XRD patterns of nAgDT, four new characteristic peaks appeared at 2 values around 38 ∘ , 44 ∘ , 64 ∘ , and 77 ∘ representing the 111, 200, 220, and 311 crystal planes, which corresponded to crystallographic structure of silver nanoparticles [22] .
Results and Discussion
Characterization of nAgDT.
The Ag + release behavior of different concentrations of nAgDT was shown in Figure 4 . The release kinetics of Ag + depended on the concentration of samples. The total Ag + contents released from the 0.1, 0.5, 1, 2.5, and 5 mg/mL samples after 12 h were 1.38, 4.67, 7.10, 13.68, and 24.83 mg/L, respectively. The higher the concentration of nAgDT, the greater the amount of Ag + ions released in the solution. The Ag + releasing amount from the 0.1 mg/mL samples started to level off and reached a plateau after about 2 h, in contrast to 6 h for 0.5 and 1 mg/mL samples. There was still sustained release of Ag + after 12 h in the 2.5 and 5 mg/mL samples. As nAgDT particles were dispersed into distilled water, nanosilver adsorbed on diatomite reacted with dissolved O 2 and was mediated by protons to produce Ag + ions [23] . When the redox reaction became an equilibrium reaction, the amount of released Ag + ions reached the steady value. The Ag + release was slowed down with a gradual increase of release concentration of Ag + over time, which indicates that Ag + could be released in a controllable way.
Cytocompatibility of nAgDT.
In order to evaluate the cytotoxicity of nanosilver modified diatomite, NIH3T3 fibroblasts and MC3T3-E1 osteoblasts were cultured in the extracts of different concentrations of samples, respectively.
Results of NIH3T3 cell proliferation in nAgDT extracts are shown in Figure 5 . All tested samples after culturing for 1 and 3 days, as expected, showed dose-dependent decreases in both osteoblast and fibroblast proliferation. The 0.1 and 0.5 mg/mL of nAgDT did not show obvious cytotoxicity with NIH3T3 cells but even better cell viability than control group after culturing for 3 days. When the concentration of nAgDT increased to 1, 2.5, and 5 mg/mL, the extract solution showed obvious cytotoxicity. The Ag + ions in the extract of nAgDT at concentration of more than 10 mg/mL significantly inhibited NIH3T3 cell proliferation. In order to further confirm the biocompatibility of nAgDT with MC3T3-E1 cells, the nucleus of attached cells after culture for 3 days was stained with DAPI and fluorescently imaged. Then their density was calculated ( Figure 6 ). The cell density of the 0.1 and 0.5 mg/mL groups was similar to the control group, which had no significant difference. When the concentration of nAgDT was higher than 1 mg/mL, the number of MC3T3-E1 cells was reduced to a large extent. As shown in the fluorescent images ( Figures  6(b)-6(g) ), the nucleus of MC3T3-E1 cells stained with DAPI in 0.1, 0.5 mg/mL and control groups were similar in their number and distribution. While, in the extract of nAgDT at higher concentration, there were significantly fewer cells. The result also showed the similar dose-dependent cytotoxicity of nAgDT, which confirmed the result in Figure 5 that 1 mg/mL was the threshold concentration to inhibit cells proliferation. Meanwhile, the dose-dependent cytotoxicity pattern was consistent with studies on other types of cells, such as L929, HBE, and A549 cells [24, 25] . The possible explanation for the cytotoxicity of high concentration of nAgDT is that the generation of reactive oxygen species and suppression of reduced glutathione induced by nanosilver cause DNA damage and cellular apoptosis [26, 27] . 
Antibacterial Properties of nAgDT.
To evaluate the antibacterial properties of the nAgDT, E. coli and S. aureus, which are common pathogens of infection, were cultured with nAgDT suspension. As shown in Figure 7 , the nanosilica with bacterial group and pure bacterial group showed that the nanosilica particles could not inhibit the bacterial growth. It can be observed that the numbers of bacterial colony altered depending on different concentrations of nAgDT. 0.1 mg/mL of nAgDT had no effect on preventing the growth of bacteria. However, when the concentration was increased to 0.5 mg/mL, there were only few E. coli colonies formed on the plate. It could hardly observe the S. aureus colonies with 0.5 mg/mL nAgDT suspension. The higher concentration of nAgDT further reduced the number of bacteria. There was no bacterial surviving on the plate with 5 mg/ml nanosilver modified diatomite. The sensitivity of S. aureus to nAgDT was greater than E. coli, which is consistent with previous research [25] . For the antibacterial property, the nAgDT also showed the dose-dependent characterization, as the higher concentration of nAgDT showed significantly better bactericidal effect. As shown in Figure 4 , there was more silver released in the nAgDT suspension at higher concentration. For the antibacterial property of nAgDT, silver release plays an important role. Ag + ions released in the nAgDT suspension can penetrate into bacterial cells and then destroy the replication ability of the DNA, finally resulting in bacterial death. Moreover, nanosilver particles in nAgDT can attack the respiratory chain and then induce bacterial death [28] . When the concentration is not less than 0.5 mg/ml, the nAgDT can possess satisfactory antibacterial property.
Conclusions
The nAgDT has been developed through the reaction of Tollens' reagent, by which silver particles were uniformly deposited on the surface of diatomite. Also Ag + ions could 6 Journal of Nanomaterials be released in a controllable manner from the nAgDT. More importantly, the nAgDT with a concentration of 0.5 mg/mL exhibited excellent antibacterial effects against both E. coli and S. aureus without showing significant cytotoxicity to NIH3T3 and MC3T3 cells. This new material can be used in bone cement to improve its antibacterial effect while not affecting the biocompatibility.
